C holangiocarcinoma carries a poor prognosis. Conventional anticancer treatments such as chemotherapy and radiotherapy have had minimal impact on patient survival in unresectable disease. [1] [2] [3] [4] [5] [6] The factors responsible for the relative unresponsiveness of cholangiocarcinoma to cytotoxic therapies have not been identified. The efficacy of conventional anticancer therapies is dependent on an ability to initiate programmed cell death (apoptosis) in cancer cells. 7 8 Consequently, cancer cells that have evolved ways of avoiding apoptosis are rendered resistant, providing an obstacle to effective treatment. 9 Apoptosis is a biochemically stereotyped, well conserved, and highly regulated mechanism essential for normal embryogenesis and maintenance of tissue homeostasis. 10 The Bcl-2 family of apoptosis regulating proteins function either to promote (Bax, Bad, Bak) or inhibit (Bcl-2, Bcl-X L , and Mcl-1) the apoptotic response to a wide variety of stimuli, including chemotherapy and radiotherapy. [11] [12] [13] [14] [15] [16] [17] [18] In a recent study examining expression of Bcl-2, Mcl-1, and Bcl-X L in human cholangiocarcinoma, all 51 cases were found to coexpress Bcl-X L and Mcl-1 protein but not Bcl-2. 19 Others have studied expression of Bcl-2 in cholangiocarcinoma with some groups detecting and others not detecting Bcl-2. [20] [21] [22] Whether expression of antiapoptotic proteins influences the response of cholangiocarcinoma cells to chemotherapy or radiotherapy has not been investigated.
Pk11195 is a ligand of the mitochondrial benzodiazepine receptor (mBzR) which interacts with a common downstream target of Bcl-2 and Bcl-X L known as the permeability transition pore complex (PTPC). Pk11195 has been shown to antagonise Bcl-2 function 23 by facilitating pore opening, induced by cytotoxic stimuli, leading to cessation of oxidative phosphorylation 24 and activation of the caspase cascade that mediates the features of apoptosis. Resistance to apoptosis may explain the poor response of cholangiocarcinoma to chemotherapy and radiotherapy. This study has investigated the effect of the mBzR antagonist Pk11195 on mitochondrial dysfunction induced by a range of apoptosis inducing stimuli in Bcl-X L and Mcl-1 expressing human cholangiocarcinoma cell lines.
MATERIALS AND METHODS
In this study, Bcl-X L and Mcl-1 expressing human cholangiocarcinoma cells lines Egi-1 and Tfk-1 were treated in culture by chemotherapy, ultraviolet (UV), and x ray irradiation with or without addition of the mBzR antagonist Pk11195. Cellular apoptosis was measured. The same cell line was then implanted subcutaneously as xenografts on the back of severe combined immunodeficient non-obese diabetic (SCID-NOD) mice. The growth response of the xenografts to etoposide treatment was evaluated with or without addition of Pk11195.
Materials
Bcl-2 and the mBzR antagonist Pk11195, propidium iodide, and 5 fluorouracil were obtained from Sigma-Aldrich limited (Dorset, UK). The green coloured lipophilic mitochondrial probe dihexyloxalocardocyanine (DiOC6 (3) ) was obtained from Molecular Probes (Cambridge Bioscience, Cambridge, UK). Etoposide was obtained from Vepesid (Bristol Myers, UK). Mcl-1 and Bcl-X L rabbit antihuman polyclonal antibodies and intrastain fixation/permeabilisation kit were obtained from Dako Ltd (Ely, UK). The mBzR specific probe NBD FGIN 1-27 analogue was obtained from Alexis Biochemicals (Cambridge, UK) and annexin V fluorescein isothiocynate (FITC) was obtained from Bender Medsystems (Paris, France).
Cell lines
Egi-1 and Tfk-1 are two well characterised adherent human cholangiocarcinoma cell lines 25 derived from patient cells prior to any exposure to chemotherapy or radiotherapy. Both cell lines are P-glycoprotein negative and express mitochondrial Bcl-X L and Mcl-1. Tfk-1 was cultured at 37°C with 5% CO 2 in RPMI 1640 medium (Sigma) supplemented with 5 mM glutamine, 10% fetal calf serum (FCS), 100 U/ml penicillin, and 100 µg/ml streptomycin. Egi-1 was grown in 1:1 minimum essential medium (Sigma) and Dulbecco's modified essential medium (Sigma) supplemented with 1 mM nonessential amino acids, 2 mM essential amino acids, 5 mM glutamine, penicillin-streptomycin supplements, and 10% FCS. Culture medium was replenished to avoid nutrient exhaustion every 48 hours during the experiments.
Assessment of antiapoptotic proteins in cell lines
Tfk-1 and Egi-1 were trypsinised 60-75% preconfluence using trypsin/EDTA (×1; Sigma). After washing in buffered saline, cells were fixed and permeabilised using the Dako intrastain kit. FITC conjugated rabbit polyclonal antihuman Mcl-1 and Bcl-X L antibodies and negative control rabbit immunoglobulin were incubated at 1 in 100 dilution in the dark at room temperature for 15 minutes. Cells were analysed at single cell resolution by flow cytometry (Becton Dickinson, Oxford, UK) with the aid of Cellquest software (version 3.2.1) for quantification of fluorescence intensity.
Detection of benzodiazepine receptor (mBzR) expression
The presence of the mBzR in cholangiocarcinoma cells was investigated using a specific mBzR fluorescent probe 7-nitro-2, 1, 3-benzoxadiazol-4-yl derivative (NBD FGIN-1-27 analogue) 26 and mitochondrial fluorochrome chloromethyl-Xrosomine (CMXRos). Live cells suspended in culture medium were incubated for 45 minutes with 1 µM NBD FGIN-1-27 and CMXRos at 37°C. After being mounted on slides, images were captured using a Zeiss Axioskop fluorescence microscope running Iplab spectrum image analysis software (version 3.1.1). Flasks (75 cm   2 ) containing exponentially growing cells that were approximately 60-70% confluent were split using trypsin/EDTA (×1). Cells (1×10 4 ) were then recultured in 12 well flat bottomed plates, allowed to adhere overnight, and 
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Flow cytometry
Multiparametric cell analysis was performed at single cell resolution by flow cytometry running the Cellquest software (version 3.2.1). At the appropriate time the experiment was terminated and all floating and adherent cells (after trysinisation) from each well were collected in well labelled FACS tubes, washed and spun down to a pellet, and then resuspended in culture medium ready for staining.
Measurement of mitochondrial permeability transition
Mitochondrial dysfunction, one of the parameters for detecting apoptosis, was measured at single cell level by detecting collapse of the inner mitochondrial membrane potential, ∆ψ m . [26] [27] [28] [29] Cells resuspended in culture medium for analysis were incubated for 15 minutes in the dark at room temperature with the potentiometric probe 75 nM DiOC6 (3) and 20 µg/ml propidium iodide. ∆Ψ m was measured by flow cytometry along the FL1 and FL3 channels acquiring 10 000 events (cells) per well. All data collected were analysed using software package WinMDI 2.8 windows multiple document interface for flow cytometry (TSRI, La Jolla, California, USA) and exported into a Microsoft excel sheet for statistics and chart generation.
Phosphotidylserine expression
This caspase dependent event was measured using the annexin V assay. Cells in suspension were incubated in calcium buffer and 5 µl FITC annexin V for 15 minutes in the dark. Cells were washed twice in Hank's buffered saline solution and then resuspended in 20 µg/ml propidium iodide for 10 minutes before analysis by flow cytometry.
Measurement of antitumour activity in immunodeficient mice-xenograft models SCID-NOD mice were allocated for interscapular subcutaneous inoculation of 5×10 7 Egi-1 or Tfk-1 cells in 1 ml of medium. Tumours grew in all cases and usually became palpable within 2-3 weeks. Using calipers, tumour size was measured along three different planes (diameters) and growth monitored. Mice were considered eligible for treatment when the normalised mean diameter of the tumour xenograft was 120-150% of its original size (first time measured, day 1 on graph), allowing a within xenograft comparison of pretreatment and post-treatment growth rates. Mice were randomly subdivided into three treatment groups (85 µg/mouse/day of Vp16, 85 µg/mouse/day of Vp16+10 mg/kg/day of Pk11195, and saline (control)) making a total of nine mice per single experiment (triplicates). Mice were treated daily for three days on two separate occasions (schedules 1 and 2) 16 days apart by daily intraperitoneal administration of Vp16+/−Pk11195 or saline. Tumour growth (T t ) was calculated using the mean of three tumour diameters (d 1 to d 3 ) at time t, and normalising against the initial tumour size measured at time t = 0 (T 0 ), that is, 
RESULTS
Immunofluorescence studies showed high levels of Mcl-1 ( fig  1B, D) and Bcl-X L ( fig 1A, C) expression in Egi-1 and Tfk-1. Egi-1 and Tfk-1 cells were found to be markedly resistant in vitro to the apoptosis inducing effects of chemotherapy ( fig  2C) and radiotherapy (fig 2D) . Seventy two hours following exposure of Tfk-1 cells to 1 Gy of x ray irradiation there were only 28% of cells undergoing apoptosis ( fig 2D) . This poor response was discovered to be by no means dependent on the form of DNA damage utilised. Both cells lines were resistant to apoptosis induction but Egi-1 appeared more robust than Tfk-1.
Addition of 75 µM Pk11195, the mBzR and Bcl-2 antagonist, significantly altered the kinetics of ∆Ψm dissipation and apoptosis in both cells lines in response to chemotherapy (fig 2C) , UV, and x ray irradiation (fig 2A, B, D) . The 28% fraction of apoptosis of Tfk-1 at 72 hours following 1 Gy x ray irradiation mentioned above became 92% following addition of Pk11195 (fig 2D) . With addition of Pk11195 the percentage of Egi-1 cells undergoing apoptosis at 48 hours following exposure to UV irradiation rose from 26% to 53% (fig 2B) . The magnitude of the Pk11195 effect was dependent both on the dose of the apoptosis stimulator used and the time the experiment was analysed following treatment (fig 2) . This effect is consistent with an apoptosis enhancing effect of Pk11195 on both Egi-1 and Tfk-1 cells. To verify that the mitochondrial events measured lead to caspase activation, we performed the caspase dependent experiment annexin V assay following treatment and found an identical dose and time dependent rise in phosphotidylserine expression ( fig  3A) . Pk11195 75 µM on its own produced no cytotoxic effects on either cell line over a 96 hour period ( fig 3B) . Cholangiocarcinoma cells took up the mBzR probe, as shown using NBD-FGIN-1-27 analogue 30 : the granular cytoplasmic pattern of distribution along with colocalisation with the mitochondrial fluorochrome CMXRos in both TFk-1 (fig 3C,  D) and Egi-1 (not shown) confirmed mitochondrial targeting.
In vivo, xenografts grown on mice treated with Vp16 alone on two separate occasions failed to respond to Vp16, with a growth pattern similar to control mice ( fig 4A) . However, mice simultaneously treated with Pk11195 in addition to VP16 showed both growth slow down and regression of xenografts ( fig 4A) . This effect was reproduced when mice were treated for a second time ( fig 4A) . Similarly, Egi-1 xenografts exhibited a similar attenuation in growth over the 72 hours of treatment ( fig 4B) . 
DISCUSSION
This study has demonstrated that the human cholangiocarcinoma cell lines Tfk-1 and Egi-1 express the antiapoptotic proteins Bcl-X L and Mcl-1. We have previously reported expression of the antiapoptotic proteins Bcl-X L and Mcl-1 in preserved human cholangiocarcinoma tissue. 19 There have been other studies that have investigated resected human cholangiocarcinoma tissue and show expression of antiapoptotic proteins. [20] [21] [22] These proteins are known for their ability to prevent cellular apoptosis both in vitro and in vivo in certain cell types. [11] [12] [13] [14] [15] [16] [17] [18] However, their effect on cholangiocarcinoma cell apoptosis has not been investigated.
Chemotherapy and radiotherapy are widely used in the treatment of many solid and haematological malignancies. In vitro and in vivo experiments into the behaviour of cancer cells following exposure to such forms of cancer therapy show induction of apoptosis as their vital mode of action. There are no studies on the response of human cholangiocarcinoma cells to chemotherapy and radiotherapy in vitro. This study has monitored the response of two cholangiocarcinoma cells lines to both chemotherapy and radiotherapy by measuring loss of inner mitochondrial potential as a rapid and efficient method of quantifying apoptosis at the single cell level. [26] [27] [28] [29] The low number of cells undergoing apoptosis confirms that in vitro cholangiocarcinoma cells are resistant to the apoptosis inducing effects of chemotherapy and radiotherapy.
The magnitude and rate of apoptosis following treatment of human cholangiocarcinoma cells with chemotherapy, UV, or x ray irradiation was increased in this study by simultaneous addition of the Bcl-2 and mBzR antagonist Pk11195. This molecule targets the mitochondria and functionally antagonises Bcl-2-like proteins through a mechanism not yet clearly understood. 23 The ability of 75 µM Pk11195 to sensitise Bcl-X L and Mcl-1 expressing cholangiocarcinoma cells to apoptosis would suggest that antiapoptotic proteins expressed by cholangiocarcinoma cells are important in the known resistance to treatment, at least in vitro. That Pk11195 in combination with etoposide influenced xenograft growth demonstrates that it also possesses in vivo activity. Although there was some difference in the way the two cell lines responded to cytotoxic therapy, the ability of Pk11195 to increase the response to chemotherapy and radiotherapy in such a dose and time dependent manner supports a direct apoptosis enhancing effect by Pk11195.
Recent cancer therapies that target and antagonise the mitochondrial effects of antiapoptotic proteins or downregulation of antiapoptotic protein levels using antisense oligonucleotides have been shown to restore chemosensitivity in different haematological and solid tumours. [31] [32] [33] Indirect strategies such as pharmacological agents that induce mitochondrial dysfunction through their effects on the PTPC are used in clinical practice. For example, 5 δ aminolaevulinic acid is used as a prodrug to generate the endogenous ligand of the mBzR, protoporphyrin IX in photodynamic therapy. [34] [35] [36] Arsenic trioxide has shown encouraging results in the treatment of patients with acute promyelocytic leukaemia 37 and directly induces the mitochondrial release of cytochrome c through its interaction with the PTPC. 38 The potential benefit of mitochondria targeted therapy in cholangiocarcinoma was highlighted in a report into the clinical responses observed following photodynamic therapy in unresectable cases of cholangiocarcinoma. 39 It is possible and perhaps likely that there are other mechanisms besides antiapoptotic proteins involved in the resistance of cholangiocarcinoma cells to apoptosis. The clinical relevance of the finding from this study remains to be established. Mitochondrial targeting therapies using small molecules such as the mBzR antagonist Pk11195 in combination with chemotherapy or radiotherapy certainly provides a novel strategy for the treatment of cholangiocarcinoma. Figure 4 Growth curves of Tfk-1 xenografts in the three treatment groups over the 35 day experiment. The antitumour activity of Vp16 on the xenografts was facilitated in the presence of Pk11195. Animals were treated for a 72 hour period during each of the two sensitising schedules. The effects of Vp16 on xenograft growth were altered by addition of Pk11195 to the treatment regimen. 
